Introduction
============

The photochemical \[2 + 2\] cycloaddition reaction is a powerful tool for the construction of four-membered carbocyclic and heterocyclic organic compounds.[@cit1] This approach can be considered among the most efficient methods for the rapid assembly of small rings as it typically proceeds in a single synthetic operation with high regio- and stereoselectivity. As a result, there exist numerous examples in the literature, in which \[2 + 2\] photocycloaddition reactions have been used for the synthesis of complex natural products.[@cit2] The most commonly employed type is the photocycloaddition between two alkene components to afford cyclobutanes, in which upon excitation of one of the reaction partners two new carbon--carbon bonds are formed.[@cit3] Similarly, excitation of a carbonyl compound in the presence of an alkene can result in a \[2 + 2\] photocycloaddition reaction to provide an oxetane as product, known as the Paternò--Büchi reaction.[@cit4] In contrast, the corresponding aza Paternò--Büchi reaction, in which an imine and alkene compound react under photochemical conditions to form an azetidine, is far less developed. Azetidines exist in numerous natural products (*e.g.***1**)[@cit5] and studies have shown that incorporation of azetidines into pharmaceutically relevant scaffolds (*e.g.***2**) can result in improved pharmacokinetic properties as well as metabolic stability.[@cit6] Established methods for the synthesis of azetidines rely on nucleophilic substitution reactions with nitrogen nucleophiles, the reduction of β-lactams[@cit7] or the ring-opening of highly strained azabicyclobutanes ([Fig. 1A](#fig1){ref-type="fig"}).[@cit8] Considering that most of these approaches require prefunctionalized starting materials and involve multistep sequences, aza Paternò--Büchi reactions represent a highly efficient and direct strategy for the synthesis of azetidines ([Fig. 1C](#fig1){ref-type="fig"}).

![Synthetic methods to access azetidines.](d0sc01017k-f1){#fig1}

Historical context
------------------

The photochemical behavior of excited state imines is in stark contrast to that of alkenes or carbonyls. In addition to relaxation pathways such as fragmentation, photoreduction or rearrangement reactions,[@cit9] the excited state of imines (**4**) is susceptible to radiationless decay back to the ground state (**3**, **6**) *via* rotation around the carbon--nitrogen π-bond, rendering it traditionally unreactive in \[2 + 2\] photocycloadditions (**5**) ([Fig. 2](#fig2){ref-type="fig"}).[@cit10] The first successful example of an aza Paternò--Büchi reaction was reported by Tsuge in 1968, who utilized 1,3,4-oxadiazoles (**8**) to undergo an intermolecular \[2 + 2\] photocycloaddition with indene (**7**) providing **9** in 7% yield under ultraviolet (UV) light irradiation ([Fig. 3](#fig3){ref-type="fig"}).[@cit11] The addition of catalytic amounts of iodine was necessary to prevent **9** from reacting with a second equivalent of indene. Additionally, the reaction protocol was later found compatible with heteroaromatic compounds such as furan.[@cit12],[@cit13] Since this discovery, multiple research groups have reported new imine scaffolds that are reactive in \[2 + 2\] photocycloaddition reactions. However, the synthetic utility of the corresponding azetidine photocycloadducts is often limited. Importantly, photochemical methods that afford azetidine products, which allow for further synthetic modifications, have only recently been developed.

![Isomerization of imines as competing relaxation pathway.](d0sc01017k-f2){#fig2}

![First successful example of an aza Paternò--Büchi reaction.](d0sc01017k-f3){#fig3}

Mechanistic considerations
==========================

While the general reactivity of excited state imines has been discussed previously in several excellent reviews,[@cit9] their behavior in \[2 + 2\] photocycloaddition reactions has not yet been extensively summarized.

Photocycloadditions from the excited singlet state
--------------------------------------------------

The most direct reaction path for photocycloaddition represents the direct excitation of an imine (**I**) from its ground state (S~0~) to the short-lived singlet state (S~1~, **II**) ([Fig. 4](#fig4){ref-type="fig"}). If an alkene is present, cycloaddition can occur to provide the corresponding azetidine product (**III**). This step proceeds likely in a concerted fashion, although the existence of singlet exciplexes has been suggested in some cases.[@cit14] As a result, the singlet state reaction can provide high levels of stereoselectivity. This approach is not viable for aliphatic imines due to the poor absorbance at higher wavelengths (*λ* \> 250 nm). Thus, imines with adjacent conjugating groups are typically employed. For example, benzophenone imine absorbs strongly at 260 nm, likely due to a π--π\* transition, while a weaker absorption at 340 nm is attributed to a n--π\* transition.[@cit15],[@cit16] The specific excited states participating in aza Paternò--Büchi reactions have only been reported for a limited number of substrates. For example, Koch suggested that the excited state reactions of keto imino ethers occur from low-energy π--π\* states, while unreactive compounds possess low-energy n--π\* states.[@cit17] A limitation of the aza Paternò--Büchi reaction *via* singlet state imines is the short singlet state lifetime that often results in low concentrations of the excited state imine in solution. As a result, extended reaction times are typically necessary.

![Aza Paternò--Büchi reaction proceeding *via* a singlet state imine.](d0sc01017k-f4){#fig4}

Photocycloadditions from the triplet excited state
--------------------------------------------------

In contrast, population of the triplet state (T~1~, **IV**) can be achieved *via* intersystem crossing (ISC) from **II** ([Fig. 5](#fig5){ref-type="fig"}), which is typically several orders of magnitudes longer lived than the corresponding singlet state.[@cit18] This intermediate can then efficiently undergo cycloaddition with an alkene. It is important to note that triplet state cycloaddition reactions are thought to proceed in a stepwise fashion *via* a 1,4-biradical intermediate (**V**) that converts to azetidine **III** upon intersystem crossing to the ground state. The stereoselectivity of this triplet state process often displays characteristic differences from the singlet state reaction, considering that biradical **V** can freely rotate around the carbon--carbon bond. Depending on the lifetime of **V**, the stereoselectivity is typically influenced by the steric environment in proximity to the biradical. In order for the triplet state reaction **I** → **III** to occur efficiently, it is important that the rate of intersystem crossing outcompetes other deactivation processes of the excited state **II**.

![Aza Paternò--Büchi reaction proceeding *via* a triplet state imine.](d0sc01017k-f5){#fig5}

Alternatively, the triplet state **IV** can be populated *via* transfer of the excited state from a sensitizer to **I** ([Fig. 6](#fig6){ref-type="fig"}). This process is referred to as triplet energy transfer or triplet sensitization, and typically utilizes a photosensitizer with a high intersystem crossing rate close to unity and a sufficiently long triplet state lifetime.[@cit19] Triplet energy transfer proceeds *via* a simultaneous intermolecular two-electron transfer process between the triplet state photosensitizer and the ground state substrate (Dexter energy transfer).[@cit20] In order for this process to proceed, the photosensitizer and substrate have to be in proximity to provide sufficient electronic coupling. Additionally, the energy transfer typically has to be energetically favored. This is given when the triplet energy (*E*~T~) of the substrate is smaller than the triplet energy of the sensitizer, resulting in a formally exergonic energy transfer process. Utilizing triplet energy transfer to access the triplet excited state of imines (**IV**) has two main advantages: (1) it allows for high population of the triplet state **IV**, even for imines with inefficient intersystem crossing; (2) the photosensitizer often absorbs at higher wavelengths with an increased absorbance coefficient. Thus, the reaction can be carried out at higher wavelengths and with increased selectivity, as the photosensitizer is the major species in solution being excited.

![Accessing triplet state imines *via* triplet energy transfer.](d0sc01017k-f6){#fig6}

Finally, the nomenclature used within this review to describe the regiochemistry of azetidines will be used as follows. Regioisomers, for which the nitrogen is in a 1,2-relationship with the substituent of the highest priority originating from the alkene component (red), are referred to as head-to-head (**10**). In contrast, head-to-tail regioisomers (**11**) feature a 1,3-relationship ([Fig. 7](#fig7){ref-type="fig"}, top). Diastereomers, in which the alkene substituent (red) is on the same face of the azetidine ring as the imine substituent (blue) (**12**), are denoted as *syn*, or *endo* if the azetidine features a second ring. The corresponding other diastereomer (**13**) will be referred to as *anti*, or *exo* in the case of a bicyclic azetidine ([Fig. 7](#fig7){ref-type="fig"}, bottom).

![Nomenclature used within this review to describe regio- and stereochemistry.](d0sc01017k-f7){#fig7}

Scope & limitations
===================

This review aims to provide an overview of reports that have utilized aza Paternò--Büchi reactions since Tsuge\'s initial report in 1968. Specific emphasis will be placed on both the scope and the limitations of current reaction protocols.

Intermolecular \[2 + 2\] photocycloadditions
--------------------------------------------

The majority of examples of aza Paternò--Büchi reactions represent intermolecular \[2 + 2\] photocycloadditions, in which irradiation with UV light results in excitation of an imine component that subsequently undergoes cycloaddition with an alkene. Due to the aforementioned competing *E*/*Z* isomerization of imines, most imines reported in the literature are cyclic to prevent this undesired relaxation pathway.[@cit21] The Koch group disclosed their work in pursuit of azetidines through \[2 + 2\] cycloadditions in 1972. Initial efforts focused on the ability of 3-ethoxyisoindolone (**15**) to undergo aza Paternò--Büchi reactions with a variety of sterically and electronically differentiated alkenes under UV light irradiation ([Fig. 8](#fig8){ref-type="fig"}).[@cit22] Unactivated alkenes proved to be effective reaction partners, providing the azetidine containing products in 26--40% yield. With alkenes such as isobutylene (**14**), a non-productive photochemical ene reaction (**16**) competed with the desired \[2 + 2\] cycloaddition (**17**).[@cit18] Cyclic and electron-rich alkenes were also competent reaction partners resulting in the desired azetidine products in moderate yields. Under acidic aqueous conditions these products undergo ring-opening to give seven-membered benzoazepinediones (**20**) in high yields.

![Aza Paternò--Büchi reactions relying on 3-ethoxyisoindolone **15** (Koch and coworkers).](d0sc01017k-f8){#fig8}

Koch and coworkers also discovered that 2-phenyl-2-oxazolin-4-one (**18**) can be used in place of **15** in otherwise analogous transformations ([Fig. 8](#fig8){ref-type="fig"}).[@cit23] This heterocycle can engage in \[2 + 2\] cycloaddition reactions with electron-rich alkenes and heterocycles in moderate yields. Additionally, electronically differentiated aromatic substituents are well tolerated. A large excess of the alkene component was found necessary to prevent Norrish type I cleavage. Furthermore, the carbon-nitrogen double bond of 5-methyl-2-phenyl-1,3-oxazin-4-one (**19**) was shown to react with dimethoxyethylene in a \[2 + 2\] cycloaddition to form the corresponding azetidine in 78% yield.[@cit24] Upon thermal retro-Diels--Alder fragmentation and subsequent hydrolysis, these compounds give rise to β-amino ketones.

The Swenton group published a series of reports on photochemical \[2 + 2\] cycloaddition reactions relying on 1,3-dimethyl-6-azauracil (**21**). In the presence of acetone (*E*~T~ = 79 kcal mol^--1^) as a triplet sensitizer, UV light irradiation of **21** resulted in efficient \[2 + 2\] cycloaddition with ethyl vinyl ether to yield the corresponding azetidine-containing product (**23**) in 90% overall yield ([Fig. 9](#fig9){ref-type="fig"}).[@cit25] In addition to electron-rich alkenes, both cyclic and acyclic unactivated alkenes work comparably well in this transformation.[@cit26] All reactions yield a mixture of *endo* and *exo* diastereomers with no significant stereoselectivity. The authors propose that this reaction proceeds through a triplet state uracil (**22**). Furthermore, the uracil ring of **23** could be cleaved under basic or reducing conditions to reveal the corresponding *N*-aminoazetidines.[@cit27] While the relative stereochemical configuration of the azetidine products was not assigned by Swenton, the Miranda group completed the stereochemical assignment of the azetidine products **24** from the cycloaddition reaction between **21** and cyclohexene, one of the compounds Swenton and coworkers initially reported.[@cit28] Similarly, Wamhoff and coworkers found that the cycloaddition reaction between **21** and dihalomaleamides proceeded in excellent stereoselectivity, giving exclusively the *endo* diastereomer (**25**).[@cit29]

![Aza Paternò--Büchi reaction relying on 6-azauracils (**21**) (Swenton and coworkers).](d0sc01017k-f9){#fig9}

The Ohta group demonstrated that 9-cyanophenanthridine (**26**) undergoes a \[2 + 2\] cycloaddition with anethole (**27**) under irradiation with UV light ([Fig. 10](#fig10){ref-type="fig"}).[@cit30] The product **28** was obtained in 52% yield as a 2.5 : 1 mixture of *endo*/*exo* diastereomers. Fluorescence spectroscopy of **26** in the presence of **27** shows a new emission pattern indicative of exciplex formation.[@cit14a] Furthermore, the **26--27** exciplex emission was attenuated by acrylonitrile, a known singlet state quencher, but not by the triplet quencher *trans*-1,3-pentadiene, indicating that the cycloaddition occurs from the singlet state. Additionally, this hypothesis was supported by the fact that product formation was suppressed by the addition of acrylonitrile, but not *trans*-1,3-pentadiene.

![Synthesis of azetidine **28** from phenanthridine **26** (Ohta and coworkers).](d0sc01017k-f10){#fig10}

The Nishio group reported that quinoxaline-2(1*H*)-ones (**29**) are competent reagents to participate in aza Paternò--Büchi reactions with electron-deficient alkenes ([Fig. 11](#fig11){ref-type="fig"}).[@cit31] The alkene substrate scope included several differentially substituted methacrylates and acrylonitriles (**30**, **32**) with yields ranging from 32% to \>99%. In all cases, the isolated products were head-to-head regioisomers. Steric properties of both the imine and the alkene component were observed to dramatically impact the diastereoselectivity of the reaction. For example, utilizing **32** instead of **30** as the alkene partner, provided the respective azetidine product **33** as a single diastereomer. Furthermore, Nishio and coworkers developed related transformations, in which the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N bond of 1,4-benzoxazin-2-ones,[@cit32] pteridine-2,4,7-drione,[@cit33] and tetrahydroquinoxalin-2(1*H*)-ones were engaged in \[2 + 2\] photocycloaddition reactions.[@cit34]

![Aza Paternò--Büchi reaction with quinoxaline-2(1*H*)-ones (**29**) (Nishio and coworkers).](d0sc01017k-f11){#fig11}

During the course of their studies on 3-aryl-2-isoxazolines, the Mukai group discovered a novel \[2 + 2\] photocycloaddition, representing the first example of an oxime undergoing an aza Paternò--Büchi reaction ([Fig. 12](#fig12){ref-type="fig"}).[@cit35] Irradiation of isoxazoline **34** with UV light afforded 4% yield of the \[2 + 2\] cycloadduct between the substrate and the solvent benzene. Yields were significantly improved when using heteroaromatic or styrenyl alkenes, such as furan, thiophene or indene (**7**), providing azetidine products such as **36** in 75% yield.[@cit14b],[@cit14c] In contrast, cyclopentadiene, pyrrole and *N*-methylpyrrole failed to undergo this transformation. Evaluation of a number of different 3-aryl-2-isoxaolines revealed that an electron-withdrawing substituent on the aromatic ring was necessary for successful cycloaddition. The authors propose that the observed reactivity and diastereoselectivity can be accounted for by the existence of a singlet state exciplex (**35**).

![The reactivity of aromatic oximes (**34**) in aza Paternò--Büchi reaction (Mukai and Sampedro).](d0sc01017k-f12){#fig12}

This mechanism was further corroborated by Sampedro and coworkers, who studied the \[2 + 2\] photocycloaddition between aromatic oximes and activated alkenes computationally as well as experimentally ([Fig. 12](#fig12){ref-type="fig"}).[@cit14d],[@cit14e] Their computational investigations suggested that an electron-withdrawing substituent on the aryl ring is essential for prolonging the lifetime of the singlet excited state oxime allowing for the desired reactivity. The high regioselectivity of this process was attributed to the partial charges of both the oxime and alkene components, which was supported by the observation that alkenes featuring electron-donating or -withdrawing substituents provided opposite regioselectivity.

The Maruoka group overcame the requirement for cyclic imines by demonstrating that *N*-(arylsulfonyl)imines (**37**) undergo \[2 + 2\] photocycloadditions with styrenyl alkenes (**38**) such as styrene or benzofuran when irradiated with 365 nm UV light, providing protected azetidines (**40--42**) in 20--83% yield ([Fig. 13](#fig13){ref-type="fig"}).[@cit14f] Importantly, these reactions were found to be stereospecific, which was attributed to the reaction proceeding *via* a singlet state exciplex (**39**). As a result of this sandwich-type intermediate the aryl substituent of both the imine and the alkene are on the same face of the azetidine ring.

![Synthesis of protected azetidines from *N*-(arylsulfonyl)imines (**37**) (Maruoka and coworkers).](d0sc01017k-f13){#fig13}

Intramolecular \[2 + 2\] photocycloadditions
--------------------------------------------

While the majority of examples of aza Paternò--Büchi reactions are intermolecular, azetidines can also be formed through intramolecular \[2 + 2\] cycloaddition reactions. During their synthesis and investigation of proximate bichromophoric systems, the Prinzbach group used an aza Paternò--Büchi reaction to access azetidine scaffold **44** ([Fig. 14](#fig14){ref-type="fig"}).[@cit36] Relying on either direct or acetone-sensitized excitation, the desired azetidine (**44**) was isolated in 80--85% yield. Notably, the imine **43** used in this report did not require any conjugating group for successful reactivity.

![First example of an intramolecular aza Paternò--Büchi reaction (Prinzbach and coworkers).](d0sc01017k-f14){#fig14}

In 2017, Sivaguru and coworkers disclosed their efforts towards the synthesis of chiral azetidines (**47**) through an atroposelective \[2 + 2\] photocycloaddition ([Fig. 15](#fig15){ref-type="fig"}).[@cit37] The authors demonstrated that the need for cyclic imines can be circumvented by instead engaging an excited state alkene in the aza Paternò--Büchi reaction. Utilizing enamides (**45**) as the alkene equivalent, the triplet excited state could be accessed *via* sensitization using 30--100 mol% xanthone (**46**, *E*~T~ = 74 kcal mol^--1^). With this reaction design, the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N bond of several oximes and hydrazones could be engaged in the cycloaddition reaction in good yields. Importantly, the authors observed no racemization under the reaction conditions, isolating the desired products in excellent enantiomeric excess. Unfortunately, high catalyst loadings were necessary for non-stabilized imines, which was attributed to undesired quenching of the imine component *via* an unproductive electron-transfer process. Extensive mechanistic experiments were carried out that corroborated the proposed mechanism proceeding *via* a triplet manifold. Specifically, the authors proposed a stepwise cycloaddition, in which the triplet enamide first undergoes carbon--carbon bond formation with the imine. Based on the observed scrambling of the imine *E*/*Z* ratio at low conversion, the authors conclude that this step is likely reversible. The resulting 1,4-biradical intermediate subsequently undergoes carbon--nitrogen bond formation upon intersystem crossing. Based on the stepwise nature of this process, the stereochemical configuration of the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N bond in the starting material is inconsequential to the stereochemistry of the product, as both the *E*- and *Z*-isomer convert to the same product diastereomer.

![Intramolecular aza Paternò--Büchi reaction relying on alkene activation *via* triplet energy transfer (Sivaguru and coworkers).](d0sc01017k-f15){#fig15}

Photocycloadditions with alkynes
--------------------------------

The \[2 + 2\] photocycloaddition reaction with alkynes affords four-membered rings that contain a double bond. Specifically, the reaction between an imine and an alkyne provides 2-azetines as photocycloadducts. Although the products represent interesting scaffolds,[@cit38] accessing these *via* aza Paternò--Büchi reactions has been met with limited success. Mei-Gong and coworkers reported that 6-azauracil **49** undergoes \[2 + 2\] photocycloaddition with alkynes such as propargyl alcohol (**48**) ([Fig. 16](#fig16){ref-type="fig"}).[@cit39] In addition to azetine **50**, the authors also isolated diazabicycle **51**, resulting from the reaction of **50** with uracil **49**, and azetidine **52**, formed from addition of the ethanol solvent to azetine **50**. To date, this report represents the only example in which alkynes successfully participated in aza Paternò--Büchi reactions.

![Example of an aza Paternò--Büchi reaction involving alkynes (Mei-Gong and coworkers).](d0sc01017k-f16){#fig16}

Synthetic applications
----------------------

There only exist a few examples of aza Paternò--Büchi reactions in the context of target-directed synthesis. In contrast to the Paternò--Büchi reaction, which has found numerous applications in organic synthesis, only a small number of imine scaffolds have been reported to successfully participate in aza Paternò--Büchi reactions, typically providing azetidine scaffolds that limit further synthetic modifications. The Aitken group utilized an aza Paternò--Büchi reaction for the synthesis of *N*-aminoazetidinecarboxylic acid **58** ([Fig. 17](#fig17){ref-type="fig"}).[@cit40] Utilizing conditions developed by the Swenton group, azetidine **54** was accessed by irradiating 6-azauracil (**53**) and ethylene with UV light in the presence of acetone as a photosensitizer. A subsequent synthetic sequence involving Boc-protection, hydrolysis, chiral resolution and deprotection afforded **58** in high yield. The authors further studied **58** as an analogue to aminocyclobutanecarboxylic acids (ACBCs), which have been used as building blocks in the preparation of peptidomimetics. The resulting oligomers are recognized for their pharmacological activities and their ability to self-organize into complex molecular architectures. When a single residue of **58** was used as replacement for an ACBC, a change in helical structure was observed, demonstrating the utility of this cyclic β-amino acid.[@cit41]

![Synthesis of aminoazetidines (**58**) (Aitken and coworkers).](d0sc01017k-f17){#fig17}

In addition to being attractive targets in synthesis, azetidines have been proposed as intermediates along the pathway for DNA (6--4) photoproduct repair.[@cit42] Unfortunately, the instability of these proposed azetidines (**59**) has made isolation and characterization difficult. Miranda and coworkers studied azetidine **60** as a model system for the proposed azetidine intermediates in the photolyase repair mechanism ([Fig. 18](#fig18){ref-type="fig"}).[@cit43] In the presence of acetone as a photosensitizer, UV light irradiation resulted in conversion of **61** to azetidine **60**. This process could be reversed under irradiation with 350 nm light in the presence of a photocatalyst with an oxidation potential close to that of FADH^--^\*, the proposed single-electron reductant *in vivo*. This result indicates that single-electron reduction of dimeric azetidines can result in cycloreversion, further promoting the understanding of the repair mechanism involving photolyases. In a subsequent study, the Miranda group reported that the azetidine fragmentation could be achieved by both single-electron reduction and oxidation.[@cit44]

![Model system for photolyase DNA repair (Miranda and coworkers).](d0sc01017k-f18){#fig18}

Outlook
=======

While \[2 + 2\] photocycloadditions continue to grow among the most prominent reactions for the construction of cyclobutanes and oxetanes, the applications of the aza Paternò--Büchi reaction for the synthesis of azetidines remain limited. Current protocols require imine reagents that provide photocycloadducts with limited synthetic utility, and the use of UV light to access the excited state species. Recently, visible light triplet energy transfer has emerged as a prominent tool in organic synthesis to access triplet excited state species under mild conditions. A vast number of visible light photocatalysts have been developed over the years that were successfully used in transformations such as isomerization, cycloaddition or bond dissociation reactions.[@cit45]

Our group utilized this design principle for the development of an intramolecular visible light-mediated aza Paternò--Büchi reaction ([Fig. 19](#fig19){ref-type="fig"}).[@cit46] Similar to the pioneering work by Sivaguru and coworkers,[@cit37] the developed aza Paternò--Büchi reaction protocol relies on activation of the alkene component *via* triplet energy transfer. Activated alkenes such as styrenes or dienes possess triplet energies that are accessible with visible light photocatalysts, which was previously utilized for the synthesis of cyclobutanes by Yoon and coworkers.[@cit47],[@cit48] With **63**·PF~6~ (*E*~T~ = 60.1 kcal mol^--1^) as the photocatalyst, triplet energy transfer to the styrene moiety of **62** resulted in triplet excited **64** that subsequently underwent intramolecular \[2 + 2\] cycloaddition with the adjacent oxime to form bicyclic azetidine **65** in 96% yield and \>20 : 1 d.r. ([Fig. 19](#fig19){ref-type="fig"}). Mechanistic experiments were carried out that were in agreement with a mechanism relying on a triplet state styrene. This mode of activation proceeds under very mild conditions, as demonstrated by the high functional group tolerance of this transformation (*e.g.***67--69**). Furthermore, utilizing oximes as imine equivalents was found beneficial based on their superior stability towards hydrolysis, and the *N*--*O* bond in the azetidine products can be readily cleaved to obtain free azetidines (**66**) in high yields.

![Development of a visible light-mediated intramolecular aza Paternò--Büchi reaction (Schindler and coworkers).](d0sc01017k-f19){#fig19}

Conclusions
===========

In summary, this review has provided an overview of aza Paternò--Büchi reactions used in organic synthesis. Since its first discovery, several research groups have developed new reagents that have enabled the construction of novel azetidine-containing frameworks. However, there are still major challenges that have to be overcome to improve the general synthetic utility of this transformation. Most examples presented herein require UV light irradiation, are limited in scope or do not allow for further synthetic applications, which currently represents challenges for the use of the aza Paternò--Büchi reaction in both synthetic and industrial applications. Furthermore, the competing *E*/*Z* isomerization of excited state imines provides a challenge for designing new, acyclic imine reagents, thus, further development is required to overcome this obstacle. Nevertheless, recent reports have shown that utilizing emerging synthetic tools, such as visible light triplet energy transfer catalysis, can overcome some of the aforementioned challenges. Therefore, we consider this area of research to hold great promise for the synthesis of complex azetidine-containing scaffolds, and the development of improved protocols for aza Paternò--Büchi reactions will arise with the application and discovery of new photocatalytic methods.
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Boc~2~O

:   Di-*tert*-butyl dicarbonate

DMAP

:   4-Dimethylaminopyridine

d.r.

:   Diastereomeric ratio

*E*~T~

:   Triplet energy

EtOH

:   Ethanol

EWG

:   Electron-withdrawing group

ISC

:   Intersystem crossing

MeCN

:   Acetonitrile

*p*-TsOH

:   *p*-Toluenesulfonic acid

rt

:   Room temperature

r.r.

:   Regioisomer ratio

S~0~

:   Singlet ground state

S~1~

:   First singlet excited state

T~1~

:   First triplet excited state

THF

:   Tetrahydrofuran

TFA

:   Tifluoroacetic acid

UV

:   Ultraviolet
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